Using density functional theory with Hamprecht-Cohen-Tozer-Handy (HCTH) functional, we demonstrate that the electric bias V applied on the surfaces of h112i Si nanowires (SiNWs) can modulate longitudinal (bandgap E g ) and transverse (indirect to direct bandgap transition) variations of electronic band structures while the latter is direction-dependent and occurs only when V is applied on (110) layers. The physical mechanism of the variations of electronic band structures is essentially the electron redistribution in different layers. Also the semiconductor-to-metal transition can be realized where SiNWs go into metallic regime under suitable values of electric bias. The density of states near the Fermi level increases with increasing V after a semiconductor to metal transition occurs in SiNWs. These results extend the application of SiNWs in optical and electronic nanodevices.
Using density functional theory with Hamprecht-Cohen-Tozer-Handy (HCTH) functional, we demonstrate that the electric bias V applied on the surfaces of h112i Si nanowires (SiNWs) can modulate longitudinal (bandgap E g ) and transverse (indirect to direct bandgap transition) variations of electronic band structures while the latter is direction-dependent and occurs only when V is applied on (110) layers. The physical mechanism of the variations of electronic band structures is essentially the electron redistribution in different layers. Also the semiconductor-to-metal transition can be realized where SiNWs go into metallic regime under suitable values of electric bias. The density of states near the Fermi level increases with increasing V after a semiconductor to metal transition occurs in SiNWs. These results extend the application of SiNWs in optical and electronic nanodevices. Silicon nanowires (SiNWs) have attracted intense interest recently because of their interface compatibility with existing silicon-based technology and ability to satisfy the need of high integration in very-large-scale integration circuits. 1, 2 They are building blocks of silicon-based nanodevices because they can function both as devices and as the wires that access them. 3 It has been possible to fabricate SiNWs with controllable sizes and morphologies by various techniques; [4] [5] [6] [7] [8] this allows SiNWs to have a wide range of applications, such as field effect transistors (FET), 9 ,10 photodetectors, 11 sensors, 12, 13 field emission devices, 14 photovoltaic cells, 15 and logic gates. 16, 17 They are especially useful in device miniaturization. 1, 3, 18 Note that the electric properties of nanodevices are dominated by properties of SiNWs.
As the diameter D of SiNWs decreases, the bandgap E g (D) increases. 4, 19, 20 When D < 3 nm, E g (D) is too big for applications in electronic circuits. Thus it is necessary to drop the E g (D); this can be realized by doping or adsorption of external elements or molecular groups on the surface of SiNWs. 21, 22 Unfortunately, it is difficult to control the size of E g (D) with these methods in actual applications.
It is well known that bulk Si has an indirect bandgap with the valence band maximum (VBM) located at the C-point (origin in k-space) and the conduction band minimum (CBM) located approximately 85% from C to another point X (100)p/a 0 , where a 0 is the lattice constant of bulk Si. A benefit in decreasing D is that the electronic band structures of SiNWs may undergo an indirect to direct bandgap transition (IDBGT). It is found that h110i SiNWs (the numbers in bracket shows the axis direction) with diameter of several nanometers have a direct bandgap at C-point; 20, 23, 24 this is also the case for h100i SiNWs. 25 For high-index SiNWs, such as h111i and h112i SiNWs, no CBM can be folded into C-point, and an indirect bandgap remains. 23, 26 Using the density functional theory (DFT) calculation with the local density approximation (LDA), however, E g (D) of h111i SiNWs with D < 2 nm has been found to present an IDBGT. 20, 27 Because the electronic band structure of h112i SiNWs differs from other axial orientations, the E g (D) is still indirect even if D ¼ 0.8 nm; 23 this limits its optoelectronic applications. For its stable configuration of a rectangular cross-section enclosed by two (111) and (110) surfaces, h112i SiNWs also are important for research and application. [28] [29] [30] [31] Although an axial strain field 29, 30 and changing the wire cross-sectional aspect ratio 31 could cause an IDBGT in h112i SiNWs, these methods have weak effect on the drop of E g (D). Therefore it is necessary to find a way to modulate the electronic band structure of h112i SiNWs, including the drop of E g (D) and IDBGT.
It is found that the electric field induces overlapping of valence and conduction bands of monocrystalline graphitic films; this leads to a strong ambipolar electronic field effect. 32 Because the external electric field is easy to control in actual applications, it should be a powerful tool to modulate the electronic band structure of SiNWs. Recently, it was reported that the external electric field can enhance the hydrogen storage of a boron nitride (BN) sheet 33 and tune the magnetic properties of ZnO nanoribbons. 34 In addition, it is inevitable that nanodevices would be under external or self-produced electric fields in application, and the fields would affect the electronic properties of SiNWs; this suggests that properties of SiNWs under electric fields should be very important in applications. The electric field can be realized by applying the electric bias on the surface. It is reported that in the scanning tunneling microscope (STM), the electric bias can be used to manipulate Si materials at the nanometer scale for fabricating new types of electronic devices. 35 In the FET, the conventional method to change the conduction properties is doping. 9 The gate voltage controls ON-OFF behavior of transistors that electrostatically induce free carriers in the nanowire channel. However, the performance of the device is limited by the lack of doping control of a)
Author to whom any correspondence should be addressed. Electronic mail: jiangq@jlu.edu.cn. nanowires because the doping is the key process for controlling the conductivity of nanowires. In addition, for the small diameter SiNWs, the dopants slow down the carrier flow and result in a reduction of the conductance. 2 Here we demonstrate that the electric bias can induce the undoped small diameter SiNWs having semiconductor-to-metal transition (SMT). For SiNWs based FET, the small electric bias can realize the ON-OFF behavior controllably and easily.
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In this contribution, the electric bias V was applied on the surfaces of SiNWs. The electronic band structures of h112i SiNWs under V were calculated by using DFT. V can induce the transverse and the longitudinal variations simultaneously in electronic band structures of SiNWs, that is, IDBGT and the drop of E g (D,V), respectively. Even more important, V can induce the semiconductor-to-metal transition for SiNWs, which benefits for the application of SiNWs in the FET. These changes suggest new possible ways to realize optical and electronic applications of SiNWs.
II. CALCULATIONS METHODOLOGY
Our simulation is carried out by using DFT, 36, 37 which is provided in DMol3 model. 38, 39 The generalized gradient approximation (GGA) functional with the HamprechtCohen-Tozer-Handy (HCTH) method, 40 which is nonlocal functional, is used as the exchange-correlation (XC) functional. All electron relativitistic (AER), 41 which includes all core electrons explicitly and introduces some relativistic effects into the core, is used for core treatment. In addition, double numerical plus polarization (DNP) 38 is chosen as the basis set with orbital cutoff of 4.6 Å . We use smearing techniques 42 with a smearing value of 0.005 Ha (1 Ha ¼ 27.2114 eV). The structure of SiNWs is then relaxed using the delocalized internal coordinate optimization scheme. The convergence tolerance of energy is 1.0 Â 10 À5 Ha, maximum force is 0.002 Ha/Å , and maximum displacement is 0.005 Å in the geometry optimization.
Unlike the PW91 functional, which underestimates E g (D), 26, 43 HCTH is a well-chosen functional, giving accurate E g (D) values of both bulk Si and hydrogen terminated SiNWs (including h112i SiNWs). For the later case, the pair of electrons with opposite spins occupies one orbital without a dangling bond where the materials properties are mostly contributed by the correlation part. HCTH functional with an accurate correlation part has improved XC potentials. 40, 44, 45 46 and that of experimental results. 4 Taking E g (2.5 nm) of SiNW as an example, E g (2.5 nm) ¼ 1.74 eV using HCTH, which corresponds to the HFH result of 1.72 eV and the experimental result of 1.6 eV with an error size of 1.16 and 8.75%, respectively. In conclusion, HCTH could be a proper XC functional to study E g (D,V) function of SiNWs under V. Figure 1 shows the stable configuration of h112i SiNW enclosed by (110) and (111) surfaces. 4, 28 The unit cell of h112i SiNW consists of six atomic facets in axial orientation, which has a rectangular cross-section. The model possesses the local structure of bulk Si. The dangling bonds of the surface Si atoms are terminated by H atoms. The SiNW is placed in unit cell where the interwire distance is larger than 10 Å ; this effectively prevents the interaction effect from neighboring cells. The structure shown in The rectangular cross-section of Si 216 H 60 NW has a length of 2.363 and 2.898 nm along x and y directions, respectively, and the unit cell has the volume of 4.588 nm 3 . V was applied on (110) and (111) surfaces of h112i SiNWs, which are denoted as V 110 and V 111 (shown in Fig. 1 for representation), respectively, with V ¼ 0.5, 1.0, 1.5, 2.0, and 2.5 V. When V was applied, full geometry relaxation was carried out. 
III. RESULTS AND DISCUSSION
The electronic band structures of Si 216 H 60 NW under V 110 and V 111 in increments of 0.5 V were shown in Fig. 2 . Si 216 H 60 NW has an indirect bandgap in the absence of V, as expected, where CBM is located approximately 80% from C-point to Z-point (001)p/c (c is the axial lattice constant), similar to the bulk Si. As a whole in Fig. 2 , Si 216 H 60 NW has IDBGT under V 110 while it maintains an indirect characteristic under V 111 . The different bandgap characteristic of Si 216 H 60 NW induced by V mainly comes from the response of CBM while VBM always locates at C-point. Hence we pay more attention to the energy variation of the conduction bandedge (CBE). The energy of CBE at C-point E C and that at the k-point are approximately 80% from C-point to Z-point E Z and are relevant to IDBGT. When E C < E Z , CBM will locate at C-point and IDBGT occurs.
Here we defined Fig. 2(b) . The opposite behaviors of V 110 and V 111 are induced by the different energetic changes of E C and E Z under V. Although both E C and E Z decrease with increasing V, the V dependences of E C and E Z are different. More quickly decreasing of E C than that of E Z induces decreasing D under V and ultimately IDBGT occurs at D < 0. Take V 110 ¼ 1.0 V for example, E C has variation of 9.6% compared with that in absence of V, which is twice that of E Z ¼ 5.2%. By contrast, E C has a weaker V dependence than E Z under V 111 , and SiNW still keeps an indirect characteristic.
Because (110) and (111) (110) layers. The preceding results imply that electron redistribution in (110) layers results in IDBGT, while that in (111) layers does not, which is similar to the case of IDBGT induced by P adsorption on the surface of SiNWs where the local density of state of CBM distributes parallel to (110) facets. 21 The inset of Fig. 3 shows the V dependence of the electron transfer denoted by d(V) functions of layers. d(V) is an increasing function of V, and more electron cumulating is necessary to induce IDBGT. This is why larger phosphorus coverage on the surface of SiNWs is needed 21 to lead to IDBGT in viewpoint of the electron transfer. In the following, the longitudinal variations in electronic band structures are considered. Figure 4 presents the E g (D,V) function of h112i SiNWs. As D decreases, E g (D,V) increases. 22, 46 When D is constant, V reduces E g (D,V), being similar to the situation under an axial electric field. 43 Meanwhile, V has same effect on the SiNWs with different D.
E g (D,V) drops under V could be contributed by the energy variation of CBM or (and) VBM. Because of the similar situation of SiNWs with different D, our discussion will be concentrated on Si 216 H 60 NW with D ¼ 3 nm. For Si 216 H 60 NW, the energy of CBM E CBM and the energy of VBM E VBM as a function of V are shown in Fig. 4(b) . When V is applied, E CBM decreases while E VBM increases; this is confirmed in Fig. 2 . These changes cause the drop of E g (D,V). When V 110 increases from 0 to 0.5, 1.0, 1.5, and 2.0 V, the proportions of the increasing of E VBM in the variation of E g (D,V) are 67.8, 62.3, 60.0, and 58.3%, respectively, while that of the decreasing of E CBM are 32.2, 37.7, 40.0, and 42.7%, respectively. It is found that the variation of E VBM contributes more to the drop of E g (D,V) than that of E CBM does.
We further investigate the variation of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) to intrinsically reveal the reason why E g (D,V) drops under V. The distributions of HOMO and LUMO of Si 216 H 60 NW under V 110 ¼ 1.5 V are shown in Fig. 4 (b) compared with that in the absence of V. When V increases from 0 to 1.5 V, HOMO migrates from center to the left part, while LUMO moves from center to the right part of Si 216 H 60 NW. When V applied on the (110) surface, as shown in Fig. 1 , there is a potential gradient from left to right. Thus the migrations bring out energy increasing of HOMO and energy decreasing of LUMO, which results in CBM and VBM approaching to each other and the drop of E g (D,V).
It is also found that one valence band crosses the Fermi level (E F ) under V ¼ 2.5 V in Fig. 2 , which shows E g (D,V) ¼ 0 in Fig. 4(a) . These results denote that SMT occurs for Si 216 H 60 NW when V is large enough. The critical V inducing SMT are about 2.2 V for V 110 and V 111 , although the (110) and (111) layers of Si 216 H 60 NW have a different thickness of 2.36 and 2.89 nm, respectively. This small voltage is easy to realize in applications.
The mechanism of SMT induced by V can be understood from Fig. 2 combined with Fig. 3 . It is found that E F is insensitive to V. For both V 110 and V 111 , the valence bandedge (VBE) approaches E F more rapidly than CBE as V increases from 0 to 2.0 V. It is expected that VBE should first cross E F with further increasing V. Because of the same situation of V 110 and V 111 , we discuss the results under V 110 for an example. Under V 110 ¼ 2.5 V, E F ¼ À4.45 eV is lower than E VBM ¼ À4.38 eV or VBE crosses E F , as shown in Fig. 2 where SMT occurs. Note that the critical voltage induced SMT is also size-dependent, which is about 3.2, 2.8, and 2.2 V for Si 40 We investigated the transport properties of Si 216 H 60 NW under higher V. near E F under higher V that increase with increasing V. As a result, the transport properties are conveniently tunable by applied V in the SiNW-based FET. In addition, it has been reported that SiNWs may not be efficient for light emitting due to the relatively small density of states of the conduction band. 23 After SMT occurs, increasing V induces more bands cross E F . A high DOS for both valence and conduction bands can be expected near E F , as shown in Fig. 5 . This improves the light emitting performance of SiNW-based devices.
To further understand the physical mechanism of the effects of V on the electronic band structures, we study DOS of CBE, which determines IDBGT and energy decreasing of CBM as shown in Fig. 6 . In absence of V, there are two peaks in DOS corresponding to (110) and (111) parts of CBE as marked in Fig. 2(b) with the energy of (110) peak being higher than that of (111) peak. For both V 110 and V 111 , DOS has redshift, or the energy of CBE decreases, which finally causes drops of CBM and E g (D,V). Thus V 110 and V 111 have a similar effect on the longitudinal variations in electronic band structures. However, V 110 and V 111 affect the transversal variations of electronic band structures in different ways. When V 110 is applied, the energy of (110) peak decreases more quickly than that of (111) peak, which induces (110) peak to approach (111) peak, and finally the two peaks are combined into one peak under V 110 ¼ 1.0 V. The critical V 110 value of 1.5 V causes the energy of (110) parts being equal to that of (110) parts. This changes the extended direction of CBE, causes E C < E Z and IDBGT. When V 111 is applied, the (110) and (111) peaks are more separated, as shown in Fig. 6 . As a result, the indirect characteristic is maintained. These results are in agreement with Fig. 3 where V 110 and V 111 induce the electron accumulation distributing in (110) and (111) layers, respectively, while only the former brings out IDBGT. As mentioned in the preceding text, because VBM always locates at C-point, the strategy that induces locating of CBM at C-point can result in IDBGT. It has been reported that P atoms adsorbed onto the (111) facet result in the local density of states of CBM distributing parallel to the (110) facet, which induces IDBGT. 21 The intrinsic physical mechanism of IDBGT is the electron accumulation. This was also the case in our study.
IV. CONCLUSION
In conclusion, effect of V on the electronic band structures of H-terminated h112i SiNWs is studied by DFT calculation with HCTH as XC functional. We demonstrate that not only the magnitude of the bandgap and the characteristics of the electronic band structure can be significantly altered but that also the semiconductor-to-metal transition occurs under suitable electric bias. h112i SiNWs can undergo an IDBGT under V 110 ; this enhances the optical properties of SiNWs and widens the application of SiNWs. E g (D,V) decreases with increasing V due to simultaneous E CBM decreasing and E VBM increasing. Further increasing V induces SMT, and the critical V is realized easily in the application. This realizes the application of undoped SiNWs on FET. The electron redistribution in (110) and (111) layers under V dominates these changes. These results suggest the promising application of SiNWs in optical and electric nanodevices.
